The clustered regularly interspaced short palindromic repeat (CRISPR)/CRISPR-associated (Cas) system has been broadly adopted for highly efficient genome editing in a variety of model organisms and human cell types. Unlike previous genome editing technologies such as Zinc Finger Nucleases (ZFNs) and Transcription Activator-Like Effector Nucleases (TALENs), the CRISPR/Cas technology does not require complex protein engineering and can be utilized by any researcher proficient in basic molecular biology and cell culture techniques. Here we describe protocols for design and cloning of vectors expressing single or multiplex gRNAs, for transient transfection of human cell lines, and for quantitation of mutation frequencies by T7 Endonuclease I assay. These protocols also include guidance for using two improvements that increase the specificity of CRISPR/Cas nucleases: truncated gRNAs and dimeric RNA-guided FokI nucleases.
INTRODUCTION
The advant of engineered Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR)/CRISPR-associated (Cas) nucleases has transformed our ability to introduce targeted modifications into the genome of human cells and a wide variety of organisms (Sander and Joung, 2014) . Previous genome editing technologies like Zinc Finger Nucleases (ZFNs) or Transcription Activator-Like Effector Nucleases (TALENs) (Reyon et al., 2012) required laborious and expensive protein engineering strategies. By contrast, engineered CRISPR/Cas nucleases can be easily practiced in any laboratory and thereby make genome editing accessible to any scientist. Many of the plasmids for CRISPR-based genome editing have been deposited with the non-profit plasmid distribution service Addgene (http:// www.addgene.org/crispr-cas), which makes the technology easily available to the academic research community.
Engineered CRISPR/Cas technology comprises two components, a short guide RNA (gRNA) and the Cas9 nuclease, that work together to recognize and cleave a specific target DNA site (Jinek et al., 2012 ) (see Figure 1a) . The target site consists of a 20 bp protospacer sequence, which is complementary to the first 20 nucleotides of the gRNA (counted from the 5' end), and the protospacer-adjacent motif (PAM). The PAM sequence of the most frequently used Cas9 from Streptococcus pyogenes matches the form 5'-NGG-3'. Hence, Cas9 nuclease can be used to efficiently induce double stranded breaks into any genomic DNA locus bearing a 5'-N 20 NGG-3' sequence by co-expression of an appropriately designed gRNA. Cas9-induced double-stranded breaks (DSBs) are generally repaired by one of two major pathways: non-homologous end joining (NHEJ) and homology-directed repair (HDR). The NHEJ pathway is characterized by imprecise re-joining of genomic DNA ends, resulting in the creation of variable-length insertions and deletions (indels) at the DSB site. Indel mutations can disrupt the translational reading frame and therefore, if introduced into coding sequence, may result in knockout of the target gene. The HDR pathway can be used to precisely repair a DSB in the presence of an exogenously added DNA donor template that bears homology to the DNA sequences upstream and downstream of the target site.
Soon after the development of the CRISPR/Cas system as a highly efficient genome editing technology, the realization that Cas9 can induce high-frequency off-target mutagenesis has suggested potential limitations for use for high-fidelity research and therapeutic applications (Fu et al., 2013; Hsu et al., 2013; Mali et al., 2013; Pattanayak et al., 2013) . These studies showed that Cas9 can cleave off-target sites bearing mismatches at as many as five nucleotides and that off-target NHEJ-mediated mutagenesis rates in some cases even exceeded those at the on-target site. In order to overcome these limitations, various improvements to the CRISPR/Cas nuclease platform designed to increase its specificity have been described. Two of the improvements described by our group are the truncated gRNAs (tru-gRNAs) (Fu et al., 2014) and the dimeric CRISPR RNA-guided FokI nucleases (RFNs) (Guilinger et al., 2014; Tsai et al., 2014) .
Truncating gRNAs by two or three nucleotides can reduce off-target mutagenesis by 5,000 fold and more while generally maintaining full on-target activity (Fu et al., 2014) . One potential explanation for this somewhat counterintuitive observation is that the full-length gRNA/Cas9 complex may have excess DNA binding affinity and might therefore tolerate mismatches in the target sequence. Truncation of gRNAs may reduce binding affinity and therefore might increase sensitivity for mismatches within the target site. Besides the significant specificity improvement, one major advantage of the tru-gRNA technology is that it can easily be implemented with any gRNA expression vector.
Dimeric RFNs are another recent approach to re-engineer the Cas9 platform for improved specificity. These fusion proteins combine the ease of CRISPR-based targeting with the high precision of dimerization-dependent genome editing tools like TALENs and ZFNs. RFNs are chimeric proteins consisting of the dimerization-dependent FokI nuclease domain fused to the amino-terminal end of a catalytically "dead" Cas9 protein (FokI-dCas9, Figure 1b) . Two FokI-dCas9 fusion proteins can be recruited to adjacent target sites by two different gRNAs to enable FokI dimerization and efficient DNA cleavage of a "spacer" sequence in between. This approach essentially doubles the length of the target site, potentially making dimeric RFNs one of the most specific CRISPR/Cas-based genome editing platforms to date. Because of the need to express two gRNAs in each cell, Tsai et al. developed a novel strategy for multiplex gRNA expression in which both gRNAs are transcribed as part of a single transcript and subsequently processed and cleaved out of that RNA by the ribonuclease Csy4 (Figure 1c) . The Csy4 ribonuclease is expressed on the same plasmid as the FokI-dCas9 protein and both gRNAs are transcribed from a single gRNA expression vector. Hence, the RFN technology, like the conventional CRISPR/Cas, is based on a twoplasmid expression system.
The decision of whether to use the conventional CRISPR/Cas system, tru-gRNAs or RFNs largely depends on the level of specificity required for a particular experiment. If the main objective is to induce high mutation rates, while off-target mutagenesis might be tolerated, we recommend the conventional CRISPR/Cas system. If, however, a higher degree of ontarget specificity is desirable, the tru-gRNA technology or RFNs will likely have more favorable specificity profiles.
We have developed an easy-to-use, streamlined and scalable protocol for efficient genome editing in human cell lines that is applicable to the conventional CRISPR/Cas9 system as well as to the tru-gRNA and RFN platforms. The protocol can be conceptually divided into three steps: (a) target site identification and gRNA vector cloning, (b) transfection of a human cell line and (c) quantification of genomic DNA mutation frequencies by T7 Endonuclease I assay. The entire procedure requires only basic skills in molecular biology techniques and human cell line handling and can be performed in about two weeks.
BASIC PROTOCOL 1
Target site identification and single (tru-) gRNA expression vector cloning for the conventional CRISPR/Cas9 and tru-gRNA technologies Unlike previous genome editing technologies, such as ZFNs and TALENs, no laborious protein engineering is required for targeting the CRISPR/Cas9 complex to novel genomic sites. While the Cas9 plasmid pSQT817 remains constant, a single DNA oligo cloning step is required to modify the single gRNA cloning vector pMLM3636 for a particular target site (Figure 2a) . We have developed the online platform ZiFiT (zifit.partners.org) for designing DNA oligos needed to construct an expression vector encoding a gRNA to a given target DNA sequence. To build this vector, a pair of DNA oligos is annealed and directly ligated into the purified single gRNA vector backbone (Figure 2 b) .
Materials-For target site identification:
Genomic DNA sequence of genomic target region Visit zifit.partners.org, click on "ZiFiT" on the website menu and proceed to ZiFiT. Choose "CRISPR/Cas Nucleases" in the "Design Genome Editing Nucleases/Nickases" category.
a. For conventional gRNAs, choose a target site length of 20 bp and the U6 promoter.
b. For tru-gRNAs, choose a target site length of 17 or 18 bp and the U6 promoter.
Paste the sequence of your target region into the text box and hit "Identify target site". ZiFiT ignores all numbers and characters in the sequence that are not G, A, T, or C. Choose a preferred DSB site by framing it with brackets (e.g., [A] or [G] ).
Step annotation: It is highly recommended to only use human genomic sequences for target site identification by ZiFiT. Target sites in cDNA sequences may not be present in the genome if they contain junction sequences that are formed after splicing.
2.
Using the 'Identify potential off-target sites' feature in ZiFit, choose target sites with minimal numbers of potential off-target sites with 1-3 bp mismatches. Ideally, targets would have no potential off-target sites in the genome with 1-2 mismatches.
1.
Verify that the chosen target site does not contain any polymorphisms with respect to the human genome reference in your cell line of interest. If it does, adjust target sequences to match. Order the corresponding pair of DNA oligos designed by ZiFiT.
Single gRNA expression vector cloning 1. Streak bacteria from pMLM3636 and pSQT817 Addgene stocks onto LB agar plates containing 50 µg/ml carbenicillin with sterile pipet tips to obtain single bacterial colonies. Incubate at 37°C for 16 hours, then store plate pSQT817 at 4°C and proceed with plate pMLM3636. Pick a single colony of pMLM3636-transformed bacteria with a sterile pipet tip and inoculate 4 ml of LB media supplemented with 50 µg/ml carbenicillin. Shake and incubate at 37°C for 16 hours.
Use the QIAprep Spin
Miniprep kit according to the manufacturer's instructions to purify plasmid pMLM3636 DNA. Elute DNA in 50 µl 0.1 × Elution Buffer.
3. Digest plasmid pMLM3636 using the conditions listed below. Incubate the reaction overnight at 55°C, heat inactivate for 20 minutes at 80°C.
µg plasmid pMLM3636
2 µl 10 × NEBuffer 3.1 2 µl 10 U/µl BsmBI to 20 µl dH 2 O
Step annotation: It is not recommended to significantly shorten digest time, since an incomplete digest of the pMLM3636 backbone will result in a large proportion of clones not bearing the desired gRNA sequence after gRNA expression vector cloning and transformation.
4.
Transfer the restriction digest product of step 3 to a 1% agarose gel, perform gel electrophoresis and excise the ~ 2.25 kb band. Purify DNA from excised agarose gel band according to the manual provided with the QIAquick Gel Extraction kit. Elute DNA in 50 µl 0.1 × Elution Buffer. Adjust DNA concentration to 10 ng/µl.
5.
Resuspend synthesized DNA oligos for gRNA expression vector cloning in nuclease-free water for a concentration of 100 µM.
6. Anneal resuspended DNA oligos using the conditions listed below. Incubate the DNA oligo annealing mixture at 95°C for 5 minutes in a thermocycler, then ramp down temperature to 25°C at 1°C per 30 seconds. 1. Thaw a 50 µl aliquot of XL1-Blue bacteria on ice.
2.
Carefully add 5 µl of ligation product.
3.
Incubate for 20 minutes on ice.
4.
Heat shock at 42°C for 45 seconds.
5.
Incubate on ice for 5 minutes.
6. Add 250 µl of SOC media, then incubate in a thermoshaker at 37°C for one hour.
7.
Plate on LB agar plate containing 100 µg/ml carbenicillin.
10.
Incubate agar plate for 16 hours at 37°C, then pick 1 -2 colonies with sterile pipet tips and inoculate 4 ml LB media supplemented with 50 µg/ml carbenicillin. Shake and incubate at 37°C for 16 hours.
11.
Isolate plasmid DNA of bacterial cultures using QIAprep Spin Miniprep kit. Save an aliquot of each bacterial culture for step 13 and store at 4°C.
12.
Sequence plasmids using the gRNA sequencing primer OS280 and align sequencing results with reference sequence 1 (When cloning tru-gRNAs remove two or three nucleotides from the variable segment of the reference sequence 1 for
Reference sequences:
Reference sequence 1 (first 20 nucleotides of gRNA sequence colored in , for tru-gRNAs remove two or three nucleotides):
proper alignment. The number of Ns (17 or 18) should correspond to the length of the tru-gRNA target sequence.)
13. Inoculate 50 ml of LB media supplemented with 50 µg/ml carbenicillin with a bacterial culture bearing a sequence-verified single gRNA expression vector (form step 11). Also, pick a single bacterial colony from plate pSQT817 (from step 1) with a sterile pipet tip and inoculate 50 ml of LB media with 50 µg/ml carbenicillin. Shake and incubate at 37°C for 16 hours and purify plasmid DNA using the HiSpeed Plasmid Midi kit.
ALTERNATE PROTOCOL 1 Target site identification and multiplex gRNA vector cloning for RFNs
Similar to the conventional CRISPR/Cas system, dimeric CRISPR RNA-guided FokI nucleases can be expressed from two plasmids. While the Csy4-T2A-FokI-dCas9 expression plasmid pSQT1601 remains constant, a single cloning step is required to modify the multiplex gRNA cloning vector pSQT1313 for a given dimeric target site. After annealing of two pairs of DNA oligos recommended by ZiFiT and of a pair of constant "middle DNA oligos", these oligoduplexes are directly ligated into BsmBI-cut pSQT1313 backbone to build a multiplex gRNA expression plasmid.
Additional Materials
Plasmid pSQT1313 
Identification of RFN target sites

2.
Visit zifit.partners.org, click on "ZiFiT" on the website menu and proceed to ZiFiT. Choose "CRISPR RFNs (RNA-guided FokI Nucleases)" in the "Design Genome Editing Nucleases/Nickases" category. Paste the sequence of your target region into the text box and hit "Identify target site". ZiFiT ignores all numbers and characters in the sequence that are not G, A, T, or C. Choose a preferred DSB site by framing it with brackets (e.g., [A] or [G] ). Alternately, target sites can also be picked manually and should be of the form CCN(N 20 ) (N 13-18 )(N 20 )NGG.
3.
Choose one or more target sites, preferably with a spacer length of 16 bp, and perform a UCSC Genome Blat Search. Verify that the chosen target site does not contain any polymorphisms with respect to the human genome reference in your cell line of interest. If it does, adjust target sequences to match.
4.
If a target site can only be found once in the human genome, order the corresponding two pairs (left/right) of DNA oligos designed by ZiFiT.
Multiplex gRNA vector cloning
1. Streak bacteria from pSQT1313 and pSQT1601 Addgene stocks onto LB agar plates containing 50 µg/ml carbenicillin with sterile pipet tips to obtain single bacterial colonies. Incubate at 37°C for 16 hours, then store plate pSQT1601 at 4°C and proceed with plate pSQT1313. Pick a single colony of pSQT1313-transformed bacteria with a sterile pipet tip and inoculate 4 ml of LB media supplemented with 50 µg/ml carbenicillin. Shake and incubate at 37°C for 16 hours.
Use the QIAprep Spin
Miniprep kit according to the manufacturer's instructions to purify plasmid pSQT1313 DNA. Elute DNA in 50 µl 0.1 × Elution Buffer.
3. Digest plasmid pSQT1313 using the conditions listed below. Incubate the reaction overnight at 55°C, heat inactivate for 20 minutes at 80°C.
3 µg plasmid pSQT1313 2 µl 10 × NEBuffer 3.1 2 µl 10 U/µl BsmBI to 20 µl nuclease-free water
Step annotation: It is not recommended to significantly shorten digest time, since an incomplete digest of the pSQT1313 backbone will result in a large proportion of clones not bearing the desired gRNA sequence after gRNA expression vector cloning and transformation.
4.
Transfer the restriction digest product of step 3 to a 1% agarose gel, perform gel electrophoresis and excise the ~ 2.3 kb band. Purify DNA from excised agarose gel band according to the manual provided with the QIAquick Gel Extraction kit. Elute DNA in 50 µl 0.1 × Elution Buffer. Adjust DNA concentration to 10 ng/µl.
5.
Prepare 100 µM DNA oligo solutions in nuclease-free water for the following DNA oligos: 0.5 µl 400 U/µl T4 Ligase
Step annotation: It is critical that the ligation mixture is cooled throughout the procedure to reduce the likelihood of false ligation products. It is recommended to prepare the ligation mixture in a PCR tube and to perform overnight ligation in a thermocycler.
9.
Transform 5 µl ligation product into chemically competent XL1-Blue bacteria:
1. Thaw a 50 µl aliquot of XL1-Blue bacteria on ice.
2.
3.
4.
5.
6. Add 250 ul of SOC media, then incubate in a thermoshaker at 37°C for one hour.
7.
Plate on an LB agar plate containing 100 µg/ml carbenicillin.
10.
Incubate agar plate for 16 hours at 37°C, then pick 3 -6 colonies with sterile pipet tips and inoculate 4 ml of LB media with 50 µg/ml carbenicillin. Shake and incubate at 37°C for 16 hours.
11.
12.
Sequence plasmids using the gRNA sequencing primer OS280 and align sequencing results with reference sequence 2.
13. Inoculate 50 ml of LB media supplemented with 50 µg/ml carbenicillin with a bacterial culture bearing a sequence-verified single gRNA expression vector (form step 11). Also, pick a single bacterial colony from plate pSQT1601 (from step 1) with a sterile pipet tip and inoculate 50 ml of LB media with 50 µg/ml carbenicillin. Shake and incubate at 37°C for 16 hours and purify plasmid DNA using the HiSpeed Plasmid Midi kit. 
BASIC PROTOCOL 2 Transient transfection of human HEK-293 and U2OS cell lines
In this protocol, we describe transient transfection of Cas9 or Csy4-T2A-FokI-dCas9 plasmids along with single or multiplex gRNA vectors into Human Embryonic Kidney (HEK-293) cells or human osteosarcoma (U2OS) cells. This protocol may be used to study genomic mutations in these two cell types, but it might also be valuable for screening multiple gRNAs targeting the same genomic locus for maximal activity before proceeding to more demanding cell types. 
Materials-Media
Transfection of U2OS cells
1. 24 hours prior to transfection, split U2OS cells and plate at 40% confluency.
2.
Prepare 24-well-plate(s) with 500 µl aliquots of cell culture media and preequilibrate at 37°C under 5% CO 2 in incubator for at least 30 minutes before transfection. Make up complete nucleofection solution SE (150 ul Supplement, 675 ul solution SE) and keep at room temperature. 
BASIC PROTOCOL 3
Quantification of genomic DNA mutation frequencies by T7 Endonuclease I assay
The T7EI assay is a simple and cost-effective assay for quantification of genomic mutation frequencies (Figure 3) . The protocol consists of five main steps: (1) Isolation of genomic DNA from transfected cells. This genomic DNA is generally a mixture of modified and wild type genomes. (2) In a second step, the locus comprising the Cas9/RFN target site is amplified by PCR. (3) Next, PCR amplicons are melted and re-annealed, resulting in the formation of DNA heteroduplexes. (4) Subsequently, these DNA heteroduplexes are recognized and digested by the T7EI enzyme. The digest product is comprised of DNA fragments of three different lengths, representing the full-length amplicon and both cleavage products. (5) Lastly, restriction fragments are quantified and NHEJ rates are calculated. The complete procedure can be performed in one or two days. For high-throughput applications, the protocol can be scaled up to a 96-well format. Mix the following PCR reagents in PCR tubes or a 96-well PCR plate on ice. Touchdown PCR thermocycling conditions can be used for a large variety of primer melting temperatures and generally produce a clean PCR product.
10 µl 5 × Phusion HF buffer 1 µl 10 mM dNTPs 2.5 µl 10 mM forward primer 
4.
Test whether PCR was successful by running 5 µl of each PCR product on a 1% agarose gel. If "negative PCR control" samples show no bands, proceed to step 5 with the "nuclease-treated sample" and "negative transfection control" samples only.
Step annotation: It is critical that "nuclease-treated samples" and "negative transfection control" samples only show a single, sharp band. If there are more than one or no bands consider alternate thermocycling conditions for standard PCR.
Step annotation: Negative PCR control samples should not show any bands on agarose gel. Possible explanations for a PCR product in these samples include DNA contamination of PCR reagents or selfcomplementary primers.
5.
Clean up PCR reactions by using the Agencourt AMPure XP kit or any other PCR purification kit. Elute DNA in 30 µl 0.1 × Elution Buffer. Measure DNA concentrations using a spectrophotometer. Step annotation: When analyzing a large number of samples, it is recommended to pipet volumes containing 200 ng into a 96-well PCR Step annotation: It is not recommended to significantly extend T7EI digestion times beyond 15 minutes. Longer incubation at 37°C might result in T7EI star activity. 
8.
COMMENTARY Background Information
All plasmids used in this protocol have been designed and codon-optimized for expression in human cells and high genome editing efficiencies have been observed in both HEK-293 and U2OS cell lines (Fu et al., 2014; Tsai et al., 2014) . Fu et al. were able to show that tru-gRNAs dramatically reduce off-target cleavage while maintaining high NHEJ or HDR rates at most on-target sites. However, at a minority of sites, some tru-gRNAs exhibited reduced on-target mutation frequencies compared to full-length gRNAs. Therefore, it might be beneficial to screen multiple tru-gRNAs targeting the same locus for highest activity. Tsai et al. have found that RFNs can induce NHEJ mutations at lower frequencies than conventional CRISPR/Cas but at similar rates as the recently described Cas9 nickase technology (Mali et al., 2013) . In the same study, Tsai et al. used deep sequencing to look for mutations at the 8 most closely matched genomic off-target sites of each of the three tested genes, but found no evidence of RFN-mediated off-target activity. However, a more sensitive, unbiased genomewide approach is needed to fully evaluate the specificity profiles of conventional CRISPR/ Cas, tru-gRNAs and RFNs.
Critical Parameters and troubleshooting
It is important to exclusively submit human genomic DNA sequences to ZiFiT for target site identification. Target sites found in cDNA may not be present in the human genome if they contain sequences that are separated by introns. In case a gRNA does not show any activity, it may be beneficial to sequence the target site in the cell line and to compare it with the reference target site used for gRNA design. Repetitive genomic sequences should also be excluded using Repeat Masker software.
It is critical that the target site is only present in the human genome once. Multiple target sites in the genome might result in more than one high efficiency DSB in a cell, potentially leading to chromosomal translocations, deletions, or other undesirable large-scale genomic rearrangements (Maddalo et al., 2014) .
If a large number of bacterial clones also appear on the backbone-only control agar plate of the oligo cloning procedure, the BsmBI digestion of the single or multiple gRNA cloning vector (pMLM3636 or pSQT1313) has likely not been complete. It is critical to dilute oligoduplexes before ligation into the BsmBI-cleaved backbone to reduce the likelihood of ligation of multiple oligoduplexes into a single backbone. The multi-piece ligation step for multiplex gRNA expression vector cloning is relatively less efficient compared to singletarget ligations and will result in a high number of false ligation products unless performed at 4°C overnight.
Transfection efficiency can be impaired by impurities in vector preparations. It is therefore recommended to only transfect plasmid DNA that has been prepared by midi-or maxi-prep. Ethanol precipitation after midiprep may be used to ensure high purity of plasmid preparation.
It is critical to obtain a clean PCR product when amplifying the target locus from genomic DNA for the T7EI assay. Additional bands on the agarose gel often are a consequence of mis-annealing of primers at off-target sites. Increasing annealing temperature or using alternative primer pairs often resolves this issue.
Anticipated Results
Single oligo cloning is generally very efficient and accurate. Hence, the frequency of false single gRNA expression vector sequences comes close to the oligo synthesis error rate. Under standard ligation conditions, multiplex gRNA expression vector cloning is much less accurate than single oligo cloning. However, using the optimized cloning procedure, we generally obtain the correct desired sequences in > 50% of tested clones. The genome editing efficiency strongly depends on the transfection efficiency. Under optimal conditions (i.e. in cell lines like HEK-293 or U2OS that can be transfected with up to ~ 90% efficiency) NHEJ-mediated mutagenesis frequencies can be as high as 30% to 50% or more with the conventional CRISPR/Cas system. Tsai et al. have tested RFNs at twelve different genomic loci with average NHEJ rates of 11% and 19% in HEK-293 and U2OS cells, respectively. Mutation rates measured by the T7EI assay correlate well with deep sequencing analyses. Note that T7E1 is a relatively insensitive assay for detecting mutation rates of less than 2% to 5%.
Time Considerations
The complete procedure can be performed in approximately two weeks: gRNA expression vector design, cloning and sequence validation takes ~ 1 week, genome editing of human cells requires ~ 4 days and the T7EI assay can be performed in ~ 1 or 2 days. Moreover, gRNA expression vector cloning and the T7EI assay can easily be scaled up to a 96-well format. T7 Endonuclease I assay for quantification of NHEJ mutation frequencies. The protocol consists of five main steps: (1) Genomic DNA isolation from human HEK-293 or U2OS cells, (2) PCR amplification of the genomic target site, (3) formation of DNA heteroduplexes via melting and annealing of PCR amplicons, (4) T7EI digest of DNA heteroduplexes and (5) quantification of mutation frequencies by restriction fragment analysis. 
